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ABSTRACT
Extragalactic astronomy relies on the accurate estimation of source photometry corrected for Milky
Way dust extinction. This has motivated the creation of a number of “Galactic” dust maps. We
investigate whether these maps are contaminated by extragalactic signals using the clustering-redshift
technique, i.e., by measuring a set of angular cross-correlations with spectroscopic objects as a function
of redshift. Our tomographic analysis reveals imprints of extragalactic large-scale structure patterns
in nine out of 10 Galactic dust maps, including all infrared-based maps as well as “stellar” reddening
maps. When such maps are used for extinction corrections, this extragalactic contamination introduces
redshift- and scale-dependent biases in photometric estimates at the millimagnitude level. It can affect
both object-based analyses, such as the estimation of the Hubble diagram with supernovae, as well as
spatial statistics. The bias can be appreciable when measuring angular correlation functions with low
amplitudes, such as lensing-induced correlations or angular correlations for sources distributed over a
broad redshift range. As expected, we do not detect any extragalactic contamination for the dust map
inferred from 21cm HI observations. Such a map provides an alternative to widely used infrared-based
maps but relies on the assumption of a constant dust-to-gas ratio. We note that, using the WISE 12
micron map sensitive to polycyclic aromatic hydrocarbons (PAH), an indirect dust tracer, we detect
the diffuse extragalactic PAH background up to z ∼ 2. Finally, we provide a procedure to minimize
the level of biased magnitude corrections in maps with extragalactic imprints.
1. INTRODUCTION
Our view of the extragalactic sky is altered by the
presence of dust in the interstellar medium (ISM) of the
Milky Way. Dust grains absorb and scatter incident pho-
tons at short wavelengths and emit radiation at longer
wavelengths. Collectively, they produce a foreground
screen that extincts and reddens the light of extragalactic
objects. Correcting for such extinction effects is impor-
tant for the accurate estimation of extragalactic source
photometry, and the need for higher accuracy keeps in-
creasing from the demanding requirements of precision
cosmological experiments.
Dust can be traced over a wide range of wavelengths.
This is illustrated in Figure 1 where we show the ex-
pected extinction by Milky Way-type dust in the ultra-
violet to near-infrared (IR) from Weingartner & Draine
(2001), and the dust thermal emission from the model
of Draine & Li (2007) with a broad peak in the far-IR
and polycyclic aromatic hydrocarbon (PAH) features in
the mid-IR. As dust is usually mixed with neutral gas,
we also show the 21cm hydrogen emission line, which
has been used as an indirect dust tracer. This latter
technique was used to introduce the first large-scale dust
map by Burstein & Heiles (1978, 1982). Later, the IRAS
and COBE satellites launched in the 1980s opened up
the atmospherically opaque window in the mid- to far-IR.
Schlegel et al. (1998, hereafter SFD) used this data to cre-
ate a dust-reddening map based on the thermal contin-
uum emission of dust. Additional dust maps have been
derived using IR data from the Planck satellite, PAH
emission using the Wide-field Infrared Survey Explorer
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(WISE), and optical reddening toward background stars
(Berry et al. 2012) or galaxies (Peek & Graves 2010). The
tight correlation between dust reddening and some of the
diffuse interstellar bands has also been demonstrated and
used to map Galactic dust in the optical (Lan et al. 2015)
and the near-IR (Zasowski et al. 2015).
Due to the broad width of the blackbody spectrum,
Galactic dust maps derived from IR emission measure-
ments unavoidably include source contributions from ex-
tragalactic objects over a wide range of redshifts. Such
maps therefore suffer from some level of extragalactic
contamination.
Such a signature has been reported by Yahata et al.
(2007) who analyzed the number counts of low-redshift
galaxies from the Sloan Digital Sky Survey (SDSS) as
a function of the Galactic reddening measured in SFD.
They showed that, toward low-reddening sight lines, the
reddening value EB−V in SFD appears to be roughly pro-
portional to the number density of galaxies, whereas it
should not depend on such a quantity. Motivated by this
result, Kashiwagi et al. (2013) showed that the mean red-
dening values derived by SFD at the locations of SDSS
photometric galaxies and quasars are in excess with re-
spect to their angular vicinity. This excess reddening can
be largely accounted for by the contamination in far-IR
emission from both the stacked galaxies and the galaxies
clustered around them. Schmidt et al. (2015) applied the
clustering-based redshift estimation technique to probe
the extragalactic contribution of various intensity maps
produced by the Planck Collaboration. These authors
generalized the clustering-redshift technique (originally
introduced for discrete sources by Newman 2008 and
Me´nard et al. 2013) to diffuse fields. This allowed them
to reveal extragalactic contributions in the Planck dust
map.
In this paper, we follow a similar line of investigation.
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Fig. 1.— Bottom panel: spectral features of dust extinction (dashed line; Aλ from Weingartner & Draine 2001) and emission (solid line;
log jν from Draine & Li 2007), together with a delta function for HI 21cm emission. The arrow shows the expected shift when emission
temperature or redshift changes. A set of filter curves from several surveys is shown above with arbitrary normalization. Top panel:
summary of spectral sampling for the 10 Galactic dust-reddening maps considered in this paper.
We analyze 10 Galactic dust maps available in the liter-
ature and perform a systematic clustering-redshift anal-
ysis for each of them in a uniform manner. We constrain
the angular and redshift dependence of the extragalactic
imprints in each dust map by measuring a set of angu-
lar cross-correlations between these maps with a spec-
troscopic reference sample of galaxies and quasars as a
function of redshift. In Section 2 we lay out the formal-
ism of extinction correction, the impact of a biased red-
dening associated with extragalactic imprints on source
number counts and clustering statistics, and how to mea-
sure it using cross-correlations. In Section 3 we introduce
the dust maps and cross-correlation reference sample. In
Section 4, we present the results in measuring the ampli-
tudes and redshift dependence of extragalactic imprints
in each dust map. We discuss the implications for preci-
sion cosmology and summarize our results in Section 5,
and 6, respectively. A flat universe with Planck cosmo-
logical parameters is assumed (Planck Collaboration et
al. 2014b).
2. EXTINCTION CORRECTION AND EXTRAGALACTIC
CONTAMINATION
Here we introduce the formalism of extinction correc-
tions and describe some of the biases that can be intro-
duced in this process. Dust extinction toward a back-
ground object is commonly written as
Aλ = mobs −m, (1)
where mobs and m are the observed and intrinsic magni-
tudes evaluated at a given wavelength λ.
Reddening is commonly measured using the optical B-
and V -band color excess:
EB−V = AB −AV . (2)
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The wavelength dependence of extinction can be param-
eterized using the total-to-selective extinction ratio
Rλ ≡ Aλ/EB−V . (3)
The extinction curves Rλ are generally nonlinear but can
be approximately described by a family of curves using
one parameter, often chosen to be RV (Cardelli et al.
1989). Precise characterizations of Rλ in the UV require
additional parameters. For diffuse ISM in the Milky Way,
RV is about 3.1 (Schultz & Wiemer 1975; Schlafly et al.
2016).
To estimate the dereddened (or true) magnitudemdered
of an extragalactic object at an angular position φ, one
needs an estimate of the Galactic dust extinction,
mˆdered(φ) =mobs(φ)− Aˆλ(φ) , (4)
where Aˆλ(φ) is provided by a given dust-reddening map
assuming an extinction curve. We can expect this quan-
tity to have several components,
Aˆλ(φ) = A
G
λ (φ) + δA
EG
λ (φ) + (φ) (5)
where AGλ (φ) and δA
EG
λ (φ) are the true Galactic extinc-
tion and the bias due to any potential extragalactic im-
prints and (φ) is the noise associated with the map esti-
mate. Comparing the estimated and the true dereddened
magnitude, we expect a magnitude shift δm, such that
mˆdered = mdered + δm; (6)
δm(φ) = −δAEGλ (φ)− (φ) , (7)
where δm is negative if the extinction is overestimated.
This equation shows that the choice of a dust map should
consider both its noise level (precision) and potential bi-
ases due to extragalactic sources (accuracy). When es-
timating the mean magnitude of an extragalactic source
population, the noise term is expected to be statistically
reduced, but the extragalactic imprints in the dust map
behave as a systematic effect that introduces a correlated
bias,
〈δm〉g = −〈δAEGλ 〉g , (8)
where the subscript g refers to the positions of these ex-
tragalactic objects. As we will see, IR-based dust maps
tend to overpredict Galactic dust extinction toward ex-
tragalactic objects. Extinction corrections using such
maps thus tend to overestimate their brightness.
2.1. Number Counts and Clustering Biases
Let N(φ, m) be the differential number count of a pop-
ulation of extragalactic sources in the magnitude range
[m, m+dm] and angular space [φ, φ+dΩ]. If magnitude
estimates are biased with a shift δm(φ), the apparent
number count reads
Nˆdered(m) = N(m+ δm) . (9)
Considering a power-law luminosity function with a slope
α(m) = 2.5
d logN(m)
dm
, (10)
and expressing the magnitude shift in terms of a flux
ratio µ(φ) such that
µ = 10−0.4 δm ≈ 1− 0.92 δm , (11)
Equation 9 becomes
Nˆdered(m) = µ
αN(m)
≈ (1 + α δµ)N(m) , (12)
where the second equality is based on µ = 1 + δµ, with
fluctuations δµ being small compared to unity. Note that
the slope of source number counts α is typically of order
unity. To summarize, we have
− δm ≈ δµ ≈ Rλ 〈δEB−V 〉g ≈ δAEGλ . (13)
We point out that this formalism describing changes in
number counts under brightness changes is similar to
that used in gravitational-lensing magnification. Both
extinction overcorrection and gravitational magnification
introduce biases in number counts, density field, and
angular clustering measurements for magnitude-limited
samples. Considering source overdensity fluctuations
over the sky,
δ(φ) = N(φ)/〈N〉 − 1 , (14)
Equation 12 shows that a biased dereddening estimate
will introduce modulations in the apparent number
counts. The estimated overdensity is given by
δˆdered(φ) = δ(φ)[1 + α δµ(φ)] + α δµ(φ)
' δ(φ) + α δµ(φ) , (15)
where the δµ modulation could be appreciable when the
density contrast δ is small. Any magnitude-limited sam-
ple of dereddened sources will thus carry spatial fluctua-
tions of the extragalactic imprints present in the dust
map used for extinction correction. As a direct con-
sequence, angular correlations between two magnitude-
limited, dereddened populations will also be affected. Let
us consider the density fields δ1 and δ2 for these two
populations with an intrinsic angular clustering w12 =
〈δ1 ·δ2〉. Following Equation 15, the bias field in the dust
map will modulate the apparent two-point function such
that
wˆ12,dered = 〈δˆ1,dered · δˆ2,dered〉
' w12 + α2 〈δ1 · δµ〉+ α1 〈δ2 · δµ〉
+α1 α2 〈δµ2〉 , (16)
where the second and third terms are the source–dust
map bias correlations (one for each population), and
the last term is the autocorrelation of the extragalac-
tic bias in a dust map. The presence of extragalactic
contamination thus sets a floor affecting two-point func-
tion measurements using magnitude-limited, dereddened
extragalactic sources.
2.2. Measuring Extragalatic Imprints in a Dust Map
We now consider certain properties of dust maps rele-
vant to our analysis.
1. Dust maps are typically provided using reddening
units; hereafter, we will follow this convention and
express dust column density estimations in units of
EB−V .
2. If the zero point of the reddening is properly cali-
brated in a map, the spatial average of the extra-
galactic imprints (e.g., the cosmic IR background
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(CIB) monopole in IR-based maps) should already
be removed. The information that can be extracted
is therefore in the fluctuations of the reddening
field,
δEB−V (φ) = δEGB−V (φ) + δE
EG
B−V (φ)
≡ EB−V (φ)− 〈EB−V (φ)〉, (17)
where 〈EB−V 〉 is the sky average of the reddening
field. As our goal is to extract extragalactic sig-
nals, δEEGB−V , we choose to estimate 〈EB−V 〉 using
a running mean with a radius of 1◦ to suppress
Galactic contributions.
3. The angular autocorrelation of dust maps
〈(δEB−V )2(θ)〉 is often of limited interest, as it
mixes both Galactic and extragalactic fluctuations.
This autocorrelation can only be used as an upper
limit to the level of extragalactic contamination.
4. It is possible to separate the extragalactic compo-
nent from the Galactic reddening by considering
angular cross-correlations between the dust map
and an external set of reference galaxies. Let
δr(φ, z) be the fractional overdensity field of these
reference galaxies. Since the spatial distribution
of dust in the Milky Way Galaxy is not expected
to correlate with such a population, the reference–
dust-reddening correlation reads
〈δr(φ, z) · δEB−V (φ+ θ)〉 = 〈δEEGB−V (θ, z)〉r , (18)
where the subscript r refers to the positions of the
reference objects. This excess-reddening estima-
tor thus allows us to extract extragalactic imprints
as a function of redshift in each of the dust maps
considered. To enhance the signal-to-noise ratio of
this estimator, we also construct a variance map for
each δEB−V field and replace the mean with an in-
verse variance-weighted mean for the 〈...〉 operator
(see Appendix A for details).
3. DATA
3.1. Galactic Reddening Maps
We consider the Galactic reddening maps or proxies
for dust maps available in the literature and select those
having data for a significant fraction of the sky and an
angular resolution higher than 1◦. This leads to a col-
lection of 10 maps which are shown in Figure 2 using a
Mollweide projection in Galactic coordinates. Each map
shows the estimated EB−V reddening values. These red-
dening maps fall into three categories: IR emission, stel-
lar optical reddening, and HI 21cm emission. We now
describe them in more detail.
3.1.1. Dust IR Thermal Continuum Emission
A significant fraction of the photons emitted by stars
end up being absorbed by dust grains and reemitted at
IR wavelengths with a modified blackbody spectrum. For
a typical dust temperature of 20 K in the diffuse ISM,
its spectral energy distribution (SED) peaks at about
150 µm (see Figure 1). Since the optical depth is small
in the IR and the radiation is mostly optically thin, this
probe is effective over a wide range of Galactic latitudes.
The conversion from dust IR emission to optical redden-
ing requires a temperature-dependent emissivity correc-
tion, as well as a calibration to measured extinction val-
ues. Our selected IR-based dust-reddening maps are as
follows.
1. The SFD map. This seminal work uses the full-sky
100 µm map from IRAS/ISSA with a 6′.1 angu-
lar resolution. Point sources and zodiacal light are
first removed from the map. An intermediate prod-
uct of the dust column density map is constructed
by applying a 1◦ resolution temperature correc-
tion derived from COBE/DIRBE 100 and 240 µm
maps. It is then converted into a reddening map
calibrated using optical color and magnesium-line
measurements of a sample of a few hundred ellip-
tical galaxies. One important discovery in prepro-
cessing the IR intensity maps is a significant detec-
tion of the CIB at 240 µm. This is revealed by the
residual IR emission when extrapolating the dust–
versus–Galactic HI column density (as measured in
the Leiden-Dwingeloo 21 cm survey in Hartmann
& Burton 1997) relation to the zero HI column.
2. The Planck Collaboration et al. (2014a, hereafter
P14) map. It is based on a set of intensity
maps with spectral sampling extended to the long-
wavelength side of the dust-thermal continuum. By
adding the 353, 545, and 857 GHz maps from the
Planck 2013 data release to the IRAS 100 µm
map, P14 fit a modified blackbody model and used
the spectrally integrated dust radiance to derive a
full-sky reddening map. Compared to SFD, P14
better captured the temperature variations of dust
in different parts of the ISM via a longer spectral
leverage. This could potentially lead to a smaller
variance in estimating EB−V .
3. The Meisner & Finkbeiner (2015, hereafter MF15)
map. By using data from IRAS, COBE, and
Planck, these authors demonstrated that a two-
component model is a better description of the
dust thermal emission over 100–3000 GHz (3 mm–
100 µm) compared to a single modified blackbody
spectrum. As a side product, MF15 derived a 6′.1
resolution reddening map via fitting a less flexible
version of the two-component model (with some pa-
rameters fixed using the global best-fit values) to
the Planck 217–857 GHz (2013 release) and IRAS
100 µm data.
4. The Planck Collaboration et al. (2016a, hereafter
P16) map. It is based on a physical dust model
from Draine & Li (2007) fitted to the WISE
12 µm, IRAS 60 and 100 µm, and the full-mission
Planck maps in 857, 545, and 353 GHz. Since the
model SED at mid-IR is determined by parameters
almost independent of dust column, the spectral
sampling for reddening constraints is essentially the
same as that for P14 and MF15. The best-fit physi-
cal parameters in P16 directly determine the model
extinction in each pixel, but comparisons to exter-
nal extinction measurements indicate some limita-
tions in this approach. Then, P16 renormalizes the
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Fig. 2.— Full-sky Mollweide projections in Galactic coordinates for the 10 Galactic reddening EB−V maps considered. A histogram
equalization stretch is used. White patches show areas with no data or pixels with negative values due to noise. The semitransparent mask
in the HI dust map indicates a high column density area where the NHI–EB−V becomes appreciably nonlinear.
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model extinction scale to match that of the empir-
ical measurements.
5. The Planck Collaboration et al. (2016b, hereafter
P16-GNILC) map. This work attempts to mini-
mize the contribution of the CIB in the inferred
dust map. At high Galactic latitudes, the contri-
bution from the CIB to the small-scale fluctuations
of the IR sky is significant compared to that of the
Galactic dust (Planck Collaboration et al. 2011,
2014c). Motivated by this property, this work uses
a spatial prior to better separate these two compo-
nents with otherwise similar SEDs. Using a compo-
nent separation method called generalized needlet
internal linear combination, P16-GNILC filters out
small-scale structures in all of the full-mission chan-
nel maps in Planck, as well as the IRAS 100 µm
map. The angular resolution is adaptively reduced
from the original Planck beam. At high latitudes,
where maximum smoothing occurred due to frac-
tionally higher CIB, the angular resolution is ∼ 15′.
A full-sky Galactic dust opacity at 353 GHz is de-
rived by fitting a modified blackbody model to each
pixel at 353, 545, and 857 GHz and 100 µm.
3.1.2. Mid-IR PAH Emission
The PAH molecules are responsible for a series of
emission features in ∼ 3–20 µm (Leger & Puget 1984),
as shown in Figure 1. Being smaller than dust grains,
the emission of these molecules is more sensitive to the
heating of the interstellar radiation field. They are not
expected to correlate perfectly to dust column density
but can be used as an indirect tracer of dust reddening.
The PAH map considered here is as follows.
1. The Meisner & Finkbeiner (2014, hereafter MF14)
map. This work aims at providing a dust map with
a higher angular resolution than those based on
IR emission. It uses the full-sky WISE 12 µm
(W3 band) data for which point sources have been
removed. To alleviate the contamination from the
Moon and zodiacal light, these authors recalibrated
the large-scale zero point (15◦) in W3 using the
Planck 857 GHz map. The final MF14 map has a
15′′ resolution. To ease the comparison with all of
the other arcminute-resolution maps, we resample
MF14 to a 3.4′ resolution.
3.1.3. Optical Stellar Reddening
Interstellar reddening can be directly measured us-
ing background objects for which the intrinsic colors are
known. Using stars that are embedded in the dusty ISM
with a range of distances, one can further probe the 3D
structure of the Galactic reddening field. Green et al.
(2014) demonstrated the feasibility of constructing such
a wide-field 3D stellar reddening map using only broad-
band photometry for a large sample of photometrically
selected stars in the Pan-STARRS1 survey (PS1; Cham-
bers et al. 2016). A probabilistic framework is introduced
to model the type of a star and the distance and redden-
ing to it simultaneously. This leads to three PS1 stellar
reddening maps.
1. The Schlafly et al. (2014, hereafter S14) map. Us-
ing PS1 grizy photometry for ∼ 500 million point
sources, S14 modeled the interstellar reddening in-
tegrated to a 2D plane of 4.5 kpc. At high latitudes,
this distance is sufficient to incorporate nearly the
full Milky Way dust column. An adaptive pixeliza-
tion is used, resulting in an angular resolution of
7′–14′ (mostly 14′ at high latitudes).
2. The Green et al. (2015, hereafter G15) map. This
work improves the modeling used in S14 and sup-
plements the PS1 optical photometry with 2MASS
near-IR JHKs bands to map interstellar reddening
using ∼ 800 million stars. A full 3D map is pro-
vided at a similar angular resolution as S14. For
the present work, we integrate G15 to infinity for
the full Galactic dust column (as shown in Figure
2). Compared to S14, the noise at high latitudes
appears to be largely reduced.
3. The Green et al. (2018, hereafter G18) map. This
work updates the G15 map by adding another 1.5
yr of PS1 data. An different extinction vector from
Cardelli et al. (1989) and Schlafly & Finkbeiner
(2011) is adopted instead of that from Fitzpatrick
(1999) in G15, resulting in better fits to the pho-
tometry. As with G15, we integrate the 3D red-
dening map of G18 to the longest-distance bins to
obtain a 2D reddening field of the Milky Way.
3.1.4. HI 21 cm Emission
For diffuse ISM at high latitudes where dust and neu-
tral gas are well-mixed, one can use the HI hyperfine 21
cm emission as an indirect dust tracer. Compared to the
broad dust continuum in emission and absorption, the
line nature of the HI emission provides a probe of the
velocity structure of the ISM. Meanwhile, extragalactic
contamination should be readily removed by applying a
velocity cut to the HI data. Our selected HI-based red-
dening map is as follows.
1. The Lenz et al. (2017, hereafter LHD17) map. This
work derives a reddening map using the full-sky HI
21 cm map from the HI4PI survey (HI4PI Collab-
oration et al. 2016), which merges the data from
the Effelsberg Bonn HI Survey (EBHIS; Kerp et
al. 2011) and the Parkes Galactic All-Sky Sur-
vey (GASS; McClure-Griffiths et al. 2009). To in-
fer dust reddening, LHD17 investigated the scal-
ing relation between the HI column NHI and the
EB−V in SFD. A linear conversion is derived that
is valid for low column density regions with NHI <
4 × 1020 cm−2 (or EB−V < 45 mmag). These au-
thors showed that the scatter in this relation is min-
imized after applying a velocity cut of 90 km s−1,
which excludes high-velocity clouds that appear to
be deficient of dust. This map has a resolution of
16′.1.
3.2. Processing of the Maps
To facilitate the comparison between the above maps,
we post-process each product to a standard format.
For the spatial sampling, we use the HEALPix scheme
Dust Map Tomography 7
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Fig. 3.— Median and interquartile range of the EB−V values
over the NGC area for each dust map, with the angular resolution
labeled on the right y-axis.
(Go´rski et al. 2005). We keep the intrinsic resolution
for all the maps as shown in the right y-axis in Fig-
ure 3) except for MF14 whose resolution (15′′) has been
downgraded using pixels of 3.4′ (Nside = 1024). We
then oversample all the maps to a common grid of 0.85′
(Nside = 4096), which allows us to reduce pixelization ef-
fects when measuring small-scale cross-correlations. We
consider only the north Galactic cap (NGC) area with
b > 50◦ for all maps. We convert all the maps to the
EB−V reddening unit. For optical-depth maps, we use
the conversion suggested for each product. For the MF14
map, no direct reddening calibration is provided; we con-
vert its original 12 µm intensity in units of MJy to red-
dening with a linear conversion factor such that its mean
reddening over the NGC matches that in SFD. After ho-
mogenizing the map unit, the overall reddening scales
and the distributions of the EB−V values in the NGC
in these maps are not entirely consistent due to different
calibrations (Figure 3). We then renormalize each map
to have the same median as that in SFD over the NGC
(0.0218 mag). Figure 4 shows these renormalized maps
using an area-preserving Lambert projection over the
NGC area. We note that Schlafly & Finkbeiner (2011)
found that the EB−V in SFD is systematically overesti-
mated by about 13%; this correction will be considered
in the discussion section but has not been applied in our
reprocessed maps or in the results in Section 4.
3.3. Extragalactic Reference Objects
The goal of our analysis is to extract potential extra-
galactic signatures in Galactic dust maps using angular
cross-correlations with tracers of the large-scale struc-
ture as a function of redshift. To select these tracers,
we combine four spectroscopic samples of galaxies and
quasars derived from the SDSS: the “MAIN” sample
galaxies from the NYU value-added large-scale structure
catalog from Blanton et al. (2005) (similar to that in
Strauss et al. 2002); the “LOWZ” and “CMASS” lumi-
nous red galaxy large-scale structure catalogs from Reid
et al. (2016); and “QSO”, the DR14 quasar catalog from
Paˆris et al. (2018), which includes all the SDSS I–III
quasars and new objects obtained in the ongoing SDSS
IV eBOSS program. The final sample spans a wide range
of redshift from 0 to about 4 (Figure 5); the total sam-
ple size is 1.1 million within the NGC. In Appendix B
we present the redshift- and sample-dependent cluster-
ing bias of these reference objects. In Appendix C, we
further show that the potential extinction-induced selec-
tion bias already present in the reference samples cannot
account for the dust map reference cross-correlation am-
plitudes we find in Section 4.
4. RESULTS
We now present the extraction of extragalactic im-
prints in Galactic dust maps. For each dust map, we
measure the correlation between reddening and the den-
sity of reference sources as a function of angular separa-
tion and redshift.
1. Detection and angular dependence. As an example,
Figure 6 shows the angular cross-correlation func-
tions we measure in the SFD map for four selected
redshift bins of reference objects. In each case, a
significant excess reddening is seen at scales below
a few tens of arcminutes. The profile is flattened
at small scales by the effective beam and at large
scales (∼ 1◦) due to our smoothing for suppress-
ing Galactic fluctuations. As the angular depen-
dence can be meaningfully reconstructed by these
two scales, the relevant information lies in the am-
plitude of the cross-correlations. To extract it, we
estimate the effective excess reddening ∆EB−V (z)
around the reference,
∆EB−V (z) ≡ 1
θmax
∫ θmax
0
〈δEB−V (θ, z)〉r dθ , (19)
where θmax = 10
′, compatible with the coarsest
resolution (FWHM = 22′) of the maps we consider.
The choice of a 1D integral is motivated by the
goal of extracting a representative amplitude for
a dust column density or surface brightness. We
thus do not perform a 2D integral used for aperture
photometry. To quantify the errors, we bootstrap
the reference sample and estimate the variance in
the measured ∆EB−V . If, for a given map, ∆EB−V
is significantly different from zero, one can conclude
that the dust map is contaminated by extragalactic
signals within the corresponding redshift range.
2. Origin of the reddening excess. Over 10′ scales
(∼ 5 Mpc over a wide redshift range), where we
choose to measure ∆EB−V , the signal is expected
to come from hundreds of unresolved galaxies clus-
tered around our reference objects. The ampli-
tudes of ∆EB−V are thus expected to scale with
the clustering bias of the reference objects but not
necessarily their star-formation rates; we show in
Appendix B that this is indeed the case. The ex-
tragalactic signals we detect on Mpc scales in IR-
based dust maps originate from the bulk of the CIB
correlated with the reference spectroscopic objects.
The corresponding IR emission is not dominated by
that of the reference objects.
Below, we describe our findings for the different types
of dust maps, i.e. based on IR emission, PAH emission,
stellar reddening, and 21cm emission. Figure 7 presents
the observational results for all of the dust maps.
8 Chiang & Me´nard
Fig. 4.— Lambert equal-area projections of the NGC (b > 50◦) for the 10 Galactic reddening EB−V maps considered. White pixels have
negative EB−V values due to noise.
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4.1. IR-based Dust Maps
Figure 7 shows the mean reddening excess found
around spectroscopic reference objects as a function of
redshift for each of the 10 dust maps considered. The
excess reddening found for the SFD dust map is shown
in red in the first and second panels. We observe an ex-
tragalactic contribution extending up to redshift 2. At
low redshift, the amplitude of this reddening excess is
about 0.25 mmag. Given that the mean EB−V over the
NGC area is about 20 mmag, this excess corresponds to a
CIB contamination at the few percent level on 10′ scales
around the extragalactic reference objects. The declin-
ing redshift trend of the extragalactic imprints in SFD
is consistent with the effect of a “K-correction” (Huma-
son et al. 1956), given the spectral sampling of 100 µm
used to constrain the dust column density in SFD. As
a roughly 20K blackbody spectrum gets redshifted, the
100 µm band probes the Wien side of the CIB SED, thus
receiving less flux emitted at higher redshifts.
The redshift tomography results for the other five IR
thermal dust maps are shown in the first and second
panels of Figure 7 together with that in SFD. The first
panel compares different products using classic thermal
modeling: the IRAS-based SFD and three recent maps
incorporating additional Planck data. P14 (light blue)
shows an excess reddening similar to that in SFD at low
redshifts, but dropping off more slowly at high redshifts.
The ∆EB−V in P16 (blue) appears flat at low redshifts
and significantly increases and peaks at about 0.3 mmag
at z = 2, several times higher than that in P14 at the
same redshift. The two component modeling map MF15
(dark blue) shows a high and overall flat ∆EB−V over
the redshift range 0–4. The extreme values in the first
redshift bins in MF15 and P16 appear to be representa-
tive characteristics of these map products possibly due
to different treatments of bright source masking. In con-
trast, the dip at z ∼ 0.9 in MF15 is not significant and
is driven by a small number of outlier pixels.
Interestingly, by adding Planck data, these three ther-
mal dust maps show higher contamination at high red-
shift compared to SFD. This can be understood as the
Planck bands sample the Rayleigh-Jeans side of the dust
emission SED (Figure 1); extragalactic dust would thus
receive a negative K-correction over a broad range of
redshift. In addition, high-redshift ∆EB−V is further
boosted, since the intrinsic CIB source intensity increases
largely from z = 0 to z ∼ 2–3 following the cosmic star-
formation history (Madau & Dickinson 2014; Schmidt
et al. 2015). Such thermal dust maps cannot distin-
guish between cold Galactic dust and warm redshifted
dust due to the degeneracy between temperature and
redshift. Therefore, although these more recent maps
using Planck data better capture the reddening due to
cold dust in the Milky Way, they also suffer from higher
bias from the extragalactic background. The difference
between the two Planck team products is substantial.
This is likely due to two reasons. First, P14 uses the shal-
lower Planck 2013 data release instead of the full-mission
data used in P16. The Planck bands thus contribute to a
higher fraction of the signals in P16 when combining with
the IRAS 100 µm data. Second, the EB−V calibration
in P16 effectively has a strong temperature correction
for cold, low-emissivity dust to be as effective in absorp-
tion; redshifted CIB contamination thus becomes more
prominent in P16. Along the same lines, MF15 further
amplifies CIB contamination by capturing it with an ad-
ditional “cold” component and interpreting all this cold
dust to be of Galactic origin.
The second panel of Figure 7 compares two nonstan-
dard IR-based dust maps—P16-GNILC and MF14—
with SFD. For the Planck component separation dust
map P16-GNILC (black), the excess reddening is de-
tected at the level of a factor of 1.5–2 lower ∆EB−V than
that in SFD, and becomes insignificant at z > 1. This
result suggests that indeed, this component separation
algorithm is effective in filtering out CIB fluctuations;
however, it is still not completely clean. The suppression
of extragalactic bias is obtained at the price of losing the
angular resolution of the true Galactic features, thus po-
tentially leading to a higher variance compared to other
maps. Our analysis provides a way to guide the future
developments of component separation and test the per-
formance of different algorithms.
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4.2. PAH-based Dust Map
Our tomographic analysis of the Meisner & Finkbeiner
(2014) map (MF14) also shows an extragalactic signal up
to at least z ∼ 1 (second panel in Figure 7). We point
out that a significant signal can be detected up to z ∼ 2 if
we use wider redshift bins. This map is directly based on
WISE 12 µm observations that trace the PAH emission.
Our measurement therefore provides us with a detection
of the unresolved extragalactic PAH background. We
note that its redshift dependence is similar to that of the
SFD map. This matches expectations: due to a wide
filter bandpass of the WISE 12 µm channel, the flux
density changes smoothly when the spiky PAH features
move in and out of the band as the redshift increases.
The low-redshift decline in MF14 is slightly slower than
that in SFD because the slope of the overall SED leftward
of 12 µm is shallower than that around 100 µm sampled
by SFD (Figure 1). At redshifts below and beyond ∼ 1,
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the slopes of the excess in MF14 appear different; this
transition coincides with the redshift where the bluest
PAH feature at 3.3 µm enters the WISE 12 µm band.
When renormalizing the amplitude of the dust maps (see
Section 3.2), we scaled the WISE 12 µm intensity by a
Galactic dust-to-PAH ratio to match the mean EB−V
in SFD over the NGC. As the overall amplitude of the
extragalactic reddening excess in MF14 is similar to that
found in SFD, it shows that the PAH-to-dust fraction in
the Milky Way is comparable to that of the cosmic mean.
4.3. Stellar Optical Reddening Dust Maps
We show the results for the three PS1 “stellar” redden-
ing maps, S14, G15, and G18 in the third panel of Figure
7. Interestingly, we find extragalactic imprints in in all of
these maps, while this time the effect is opposite to what
was found in IR emission maps. Our analysis shows that
the Galactic reddening is underestimated at certain red-
shifts. These “stellar” reddening maps are based on the
Pan-STARRS point-source catalog. Such a selection in-
evitably includes a number of unresolved galaxies and
quasars in the sample. The analyses performed in S14,
G15 and G18 use a probabilistic framework to infer the
objects’ intrinsic colors and line-of-sight reddening in-
duced by Galactic dust. The fact that we find a negative
∆EB−V at 1 < z < 1.5 suggests that at these redshifts,
there is a population of objects intrinsically bluer than
the stellar color locus that could be scattered inward to
bias the reddening estimations. The fact that all of our
1 < z < 1.5 reference objects are quasars does not nec-
essarily mean that the contaminants in the star catalogs
are quasars; they could be unresolved galaxies, which
might actually outnumber quasars at these redshifts and
magnitude limits (Fadely et al. 2012).
4.4. HI-based Dust Map
The result for the HI-based dust map LHD17 are shown
in the fourth panel of Figure 7. This time, we do not
see any clear signature of extragalactic contamination at
the level seen for the other maps. The noise level can
be translated into an upper limit for the fractional ex-
tragalactic contamination in LHD17 of about 5 × 10−4
over the NGC. Since this dust-reddening map estimate
is a direct linear conversion from the HI column density
probed by 21 cm emission within 90 km s−1, we can place
the same upper limit for the fractional extragalactic con-
tamination in the HI column density map. Our result
shows that, with an emission-line feature, redshifted ex-
tragalactic background can be readily separated from the
Galactic structures. We note that this works well only
if no other strong line is present within a factor of a few
blueward of the targeted line wavelength.
A main drawback of HI-based dust maps is the reliance
on an assumed dust-to-gas ratio. LHD17 used a constant
dust-to-gas ratio over the sky, which is only valid up to
a certain accuracy. Figure 8 shows the dust-to-gas ratio
map over the NGC area in log(EB−V /NHI), where the
reddening is taken form SFD with large scale (> 4.5◦)
correction from Peek & Graves (2010) calibrated using
the colors of passive galaxies; the HI column density is
taken from HI4PI within 90 km s−1, the velocity cut used
in LHD17. Over the NGC, we find fluctuations that
display spatial coherence over a wide range of angular
Fig. 8.— Dust-to-gas ratio in log(EB−V /NHI) over the NGC
area, with EB−V taken from SFD with the large-scale correction
from Peek & Graves (2010) and NHI from the HI4PI data within
90 km s−1.
scales. Over that area, we measure a scatter of 0.08 dex
in EB−V /NHI. This is likely due to variations in cloud
properties. Given the mean EB−V of about 20 mmag
over the NGC, this fractional scatter corresponds to an
error of about 3 mmag in EB−V . This is larger than the
magnitude offsets due to the extragalactic contamination
found in the previous nine dust maps. We note that for
classic IR-based maps, the modulations of dust tempera-
ture might affect the reddening estimations in a spatially
coherent way similar to that of the dust-to-gas ratio mod-
ulations in HI-based reddening maps, albeit on a slightly
smaller amplitude (Peek & Graves 2010). Therefore, in
order to construct samples of extragalactic sources with
the most accurate magnitude estimates, one should select
sources for which the variance in dust-to-gas ratio in HI-
based maps (or temperature variation in IR-based maps)
is minimized. As shown in Figure 8 the large-scale vari-
ations of the dust-to-gas ratio distribution might restrict
the spatial distribution of sources that can be homoge-
neously corrected for Galactic dust extinction.
5. DISCUSSION
We have shown that, out of the ten wide-field Galac-
tic dust maps currently available, nine present detectable
extragalactic contamination. The remaining one, based
on the hydrogen distribution, relies on an assumed dust-
to-gas ratio that can be shown to have a complex spa-
tial distribution over the sky. What are the impacts
of these extinction overcorrection biases on astronomi-
cal experiments? As presented in section 2.1, a redden-
ing overcorrection leads to a whole hierarchy of number
count bias, overdensity bias, and clustering bias (Equa-
tions 12–16). The leading terms of these biases are all
of the same order: Rλ 〈δEB−V 〉g ≈ −δm ≈ α δµ. The
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TABLE 1
Extinction Overcorrection vs. Gravitational Lensing
Extinction Overcorrection Gravitational Magnification
Flux change fˆ/f 1 + δµ 1 + δµ
Number count bias Nˆ(m)/N(m) 1 + α δµ 1 + (α− 1)δµ
Clustering bias—cross gf , gb (zf < zb) wˆfb = αb 〈δµ〉f + αf 〈δµ〉b + αf αb 〈δµ2〉 wˆfb = (αb − 1) 〈δµ〉f
Clustering bias—autocorrelation wˆgg = wgg + 2α 〈δµ〉g + α2 〈δµ2〉 wˆgg = wgg (no effect)
Note. — Comparison between extinction overcorrection and magnification induced by gravitational lensing. For the extinction over-
correction the term δµ(λ) represents the differential brightening factor and is given by 0.92Rλ δE
EG
B−V . For lensing, δµ is the achromatic
gravitational magnification. The coefficients αi are the slopes of the source number counts as a function of magnitude.
exact amplitude of this effect depends on the chosen dust
map, wavelength, redshift, source population, and angu-
lar scale considered. In many cases, they are found to
be at the millimagnitude level, i.e. of order 10−3 in the
optical, assuming Rλ ≈ 3 and α of order unity.
Systematic shifts of order millimagnitude can poten-
tially impact precision cosmology experiments, for ex-
ample, using standard candles, where the sample mean
brightness has to be measured with a fractional error
comparable to the targeted precision in certain cosmo-
logical parameters. Similarly, photometric offsets can af-
fect clustering measurements such as spatial correlation
functions, which are used for a wide range of applica-
tions including galaxy–halo connection, baryonic acous-
tic oscillations, gravitational lensing, neutrino masses,
cold/warm dark matter, etc., all requiring extinction cor-
rection for the tracer sample of the experiments (vari-
ous kinds of galaxies), while not all of them will be af-
fected by a small bias. Equation 15 provides a rule of
thumb to identify the regime in which extinction over-
correction bias will be significant: since the bias in the
source overdensity δ(φ) is roughly α δµ(φ), the bias is
only important in a weak-field regime where δ(φ) is not
much greater than α δµ(φ) ∼ 10−3 (in the optical). For
a typical galaxy overdensity in 3D, δ(φ) fluctuates at a
level greater than unity on arcminute scales. However,
this amplitude decreases with an increasing level of line-
of-sight projection; experiments involving a substantial
spread in redshift, either imposed by the photometric se-
lection or due to photometric redshift errors, will end up
falling in that category. Another relevant context is grav-
itational lensing-induced correlation functions, which we
discuss in more detail below. Finally, we can also imag-
ine a limiting case with a hypothetical population of ran-
domly distributed sources (i.e., zero intrinsic clustering).
When estimating the correlation function of such a pop-
ulation after correcting for Galactic extinction, one will
end up measuring the clustering of the extragalactic con-
tamination imprinted in the dust map.
5.1. Impact on Weak-field Clustering: Lensing
Magnification
Gravitational-lensing magnification modulates the ap-
parent number count of background sources by two mech-
anisms: magnitude brightening and solid-angle dilata-
tion. Analogs to Equation 12, this is expressed by
Nobs(m) = [1 + (α− 1) δµ] N(m) (20)
(e.g., Scranton et al. 2005), where the slope of the source
number counts α is defined in Equation 10, the −1 term
takes into account the source dilution due to area dilata-
tion, and δµ is the lensing magnification factor. This
is similar to the formalism introduced in Section 2 for
the extinction overcorrection. The only difference is
the change in sky solid angle. The magnification ef-
fect leads to apparent angular correlations between fore-
ground lenses and background sources that are physically
uncorrelated. This can be expressed as a special case of
Equation 16,
wfb,obs(θ) = 〈δf (φ) · δb,obs(φ+ θ)〉 (21)
= (αb − 1) 〈δf (φ) · δµ(φ+ θ)〉
= (αb − 1) bf wµm(θ) , (22)
where only the background overdensity is modulated,
and the third equality assumes a linear bias bf relating
δf to matter overdensity δm. The gravitational potential
associated with the foreground lenses introduces a mag-
nification field wµm(θ) to the sources, whose expression
can be found in, e.g., Bartelmann & Schneider (2001).
Depending on the value of αb − 1, lensing-induced clus-
tering can be positive, zero, or negative. Table 1 summa-
rizes the effects of extinction overcorrection and lensing
magnification in parallel, and one can see the similari-
ties between the two. Unlike lensing, however, extinction
overcorrection is chromatic. Another difference between
the two is that the lensing efficiency is a function of the
angular diameter distances of both populations, while
the line-of-sight efficiency of extinction overcorrection is
a constant as one applies such a correction using 2D dust
maps. Given this constant efficiency, extinction overcor-
rection also affects source autocorrelations.
The extinction overcorrection will affect measurements
of lensing-induced correlation functions. To estimate the
level at which these effects occur, we examine the follow-
ing scenario commonly targeted in lensing studies (see,
for example, Scranton et al. 2005). We consider a popu-
lation of foreground galaxies at z = 0.2 and background
quasars at z = 1.5. The magnification-induced angular
correlation function expected between these two popula-
tions is shown in Figure 9 (black curves) for several mag-
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Fig. 10.— Changes in distance modulus after correcting for a rest-frame B-band extinction overcorrection in SFD (red data points).
Black lines overlay the changes corresponding to perturbations in each of the cosmological parameters H0 (left), Ωm (middle), and w (right)
from a fiducial cosmology (blue dash-dotted lines). After correcting for the extinction overcorrection, one expects H0 to increase by < 0.1%
and Ωm and w to decrease by a fraction of a percent.
nitude bins that correspond to several values of αq − 1
following Equation 22. Again, αq is given by the shape
of the quasar luminosity function following Equation 10,
and the range of αq − 1 in Figure 9 corresponds to that
for quasars from g of 17–21 mag going from the left to
right panels. Red curves show the expected wgq intro-
duced by extinction or dereddening overcorrection in the
V band if the SFD map is used. This is based on our
excess-reddening measurements presented in Section 4
assuming an RV of 3.1. As provided in Equation 16, the
extinction correction–induced correlation has two terms:
one that scales with αq as in lensing and an additional
αg term. Here we set αg to 1 for all panels. For large
αq (left panels), lensing dominates over extinction over-
correction. When αq approaches 1, however, lensing ef-
fects vanish, while the extinction overcorrection is only
slightly reduced, since the αg term has not changed. The
extinction overcorrection can thus bias lensing magnifica-
tion measurements, especially at the faint end (right pan-
els). For an optimal lensing estimator weighted by the
number of quasars and the expected signal using quasars
brighter than g of 21 (SDSS depth), the effective αq − 1
is about 0.2 (Me´nard & Bartelmann 2002; Scranton et
al. 2005). This is shown in the second panel, where the
extinction correction–induced correlation is about 50%
of that induced by lensing. We thus already expect some
impacts biasing current lensing measurements. Upcom-
ing surveys such as LSST (LSST Science Collaboration
et al. 2009), Euclid (Laureijs et al. 2011) and WFIRST
(Spergel et al. 2013) will provide us with photometric
samples enabling lensing-induced correlation measure-
ments with a precision largely surpassing that of existing
measurements. In this regime, the extinction overcorrec-
tion discussed above will become a significant limitation
in harnessing the full statistical power of the expected
datasets. It will be important to correct or take this
effect into account.
5.2. Cosmological Parameters with Standard Candles
The extinction overcorrection is expected to impact
cosmological parameter extractions using Type Ia super-
novae as standard candles. Such studies utilize the cos-
mology dependence of the luminosity distance, thus dis-
tance modulus as a function of redshift (see a review in
Goobar & Leibundgut 2011). Briefly, the distance mod-
ulus3 µ of a standard candle with an absolute magnitude
M can be used to probe its luminosity distance DL:
µ = m−M = 5 log
(
DL(z)
10 pc
)
, (23)
3 Unfortunately, by convention, the notation µ is the same with
that for the magnification factor in the context of lensing.
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Fig. 11.— Normalized excess EB−V (within 10′) for all 10 reddening maps. The effect of our choice of reference samples has been
removed by dividing out the linear galaxy bias. One can use these values for generic corrections of the dust extinction overcorrection bias
present in each map.
where m is its apparent magnitude. The luminosity
distance DL as a function of redshift is cosmology-
dependent,
DL(z) =
c
H0
(1 + z)
∫ z
0
dz′
E(z′)
, (24)
where H0 is the Hubble constant and
E(z) =
√
Ωm (1 + z)3 + ΩΛ (1 + z)3 (1+w) (25)
is the normalized Hubble function for a flat ΛCDM uni-
verse. In this expression, Ωm and ΩΛ are the present-day
matter and dark energy density in the unit of the critical
density, respectively, and w is the dark energy equation-
of-state parameter.
As the distance modulus µ is estimated after correcting
for Galactic extinction, one expects an extinction over-
correction bias δm(φ) = −Rλ δEEGB−V (φ) (Equation 7).
This bias is redshift-dependent and can therefore impact
cosmological parameter estimation. The estimated su-
pernova dereddened distance modulus is, on average,
〈µˆ〉SN,dered = 〈µ〉true + 〈δm〉SN(z)
= 5 log
( 〈DL〉(z)
10 pc
)
−Rλ 〈δEEGB−V 〉SN(z) ,(26)
where 〈δEEGB−V 〉SN, the excess reddening due to extra-
galactic imprints in the dust map, is to be evaluated at
the zero lag (θ = 0) toward the supernovae.
Here we investigate the fractional biases in H0, Ωm,
and w under the level of extinction overcorrection effect
measured in Section 4. For simplicity, we assume that
the supernova hosts are galaxies similar to our SDSS ref-
erence objects, i.e., 〈...〉SN = 〈...〉r. Based on the angular
dependence of 〈δEB−V 〉r we found that, as shown in Fig-
ure 6, for maps with about 5 arcmin resolution like SFD
and the Planck maps, the zero lag 〈δEB−V 〉r(θ = 0) is
roughly 2 times the 10′ averaged ∆EB−V presented in
Figure 7. For the wavelength dependence Rλ, we adopt
an extinction vector calibrated in Schlafly & Finkbeiner
(2011) assuming an RV of 3.1 (this extinction vector in-
cludes a correction for a 13% overestimation of the EB−V
in SFD). Figure 10 shows the distance modulus offset δµ
as a function of redshift after we correct for an extinction
overcorrection for the SFD map in the rest-frame B band
(red data points). As is typically done in supernova cos-
mology studies, since there is an uncertainty in calibrat-
ing the distance ladder, we anchor the δµ to zero locally
at our first redshift bin, z ∼ 0.02. Over a redshift range
of order unity, extinction overcorrection thus changes the
standard candles by 1.5 mmag. Figure 10 also overplots
the distance modulus offset once we perturb each of the
three cosmological parameters in each panel with the
labeled fractional changes (black lines) from a fiducial
flat universe cosmology of [H0, Ωm, w] = [70, 0.3,−1]
(blue dash-dotted lines). We find that the bias given
by the mean δm in H0 is small (less than 0.1%). For
Ωm and w where a 0.5% bias is expected, the effect in
extinction overcorrection is going to be important when
upcoming cosmology experiments are targeting 1% level
precision. Among these three cosmological parameters,
accurate measurements of w are of critical importance in
the coming decade, as a significant departure of w from
unity would rule out the scenario of dark energy being a
cosmological constant. We therefore suggest incorporat-
ing the correction of extinction-correction bias (∼ 0.5%)
in upcoming Hubble diagram estimates.
5.3. Bias Correction
We now describe a procedure to correct for the biased
dereddened magnitude estimations due to extragalactic
imprints in Galactic dust maps. For a population of ob-
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jects at a given redshift, the 10′ average reddening ex-
cess ∆EB−V presented in Figure 7 provides a starting
point to quantify the amount of extinction overcorrec-
tion when a given dust map is used. Since the ∆EB−V
in Figure 7 is measured around specific types of refer-
ence objects (SDSS spectroscopic galaxies and quasars),
for other types of objects, the mean excess reddening
needs to be scaled with the clustering bias ratio. In Fig-
ure 11 we provide ∆EB−V /br, the excess-reddening es-
timations as a function of redshift for each map, similar
to that present in Section 4 but this time normalized by
the bias of our reference sample (see Appendix B for the
br measurements).
With this information, we can determine the mean
magnitude bias of an arbitrary galaxy population g at
redshift z with a linear clustering bias bg following Equa-
tion 8:
〈δm(z)〉g = −Rλ 〈δEB−V (z, θ = 0)〉g
= −Rλ C ∆EB−V (z)
br
bg, (27)
where we make clear that, since magnitude is a one-point
statistic, the offset is related to the excess reddening at
zero lag (θ = 0). The constant C is a beam correction to
relate the ∆EB−V measured within 10′ to the zero-lag
reddening excess. For maps like SFD or Planck of about
5′ resolution, C ≈ 2, which can be visualized in Figure 6;
for lower-resolution maps with a spatial half width at half
maximum compatible or larger than 10′, C ≈ 1 (thus, no
beam correction is needed). For convenience, we provide
a fitting function for the magnitude bias in the SFD map,
〈δmSFD(z)〉g = −Rλ 〈δESFDB−V (z, θ = 0)〉g
' −0.024Rλ bg (z + 0.16)−1.8 , (28)
in mmag. To correct for this extinction overcorrection,
one simply subtracts the 〈δm〉 (adds a positive magni-
tude) from the estimated dereddened magnitudes.
6. SUMMARY
We have analyzed 10 Galactic dust maps and inves-
tigated whether they are contaminated by extragalactic
signals. Our tomographic analysis, based on the so-called
clustering-redshift technique, has shown that 9/10 dust
maps present imprints of extragalactic large-scale struc-
ture patterns, in some cases detected up to z ∼ 4. These
extragalactic signals are found in all IR-based maps, from
12 µm to the millimeter range, as well as “stellar” opti-
cal reddening maps. The amplitude of this extragalactic
contamination is typically found to be at the millimag-
nitude level. Its redshift and angular scale variations
depend on the chosen dust map. More specifically, we
find the following.
1. for all IR thermal dust maps, including the widely
used Schlegel et al. (1998) map, Galactic redden-
ing EB−V is systematically over-estimated around
galaxies and quasars up to z ∼ 2 at a level rang-
ing from subpercent to a few percent on scales of
10′. This originates from CIB fluctuations due to
the emission from dusty star-forming galaxies. The
more recent Planck Collaboration et al. (2014a,
2016a) dust maps present a higher level of extra-
galactic contamination at higher redshift as they
probe the Rayleigh-Jeans side of the dust black-
body emission spectrum, resulting in a negative
K-correction. In addition, at z > 2, this effect
is further enhanced due to the peak of the cosmic
star-formation history.
2. For the stellar reddening maps using point-source
optical photometry in Pan-STARRS1, we find an
underestimation of Galactic reddening, especially
around quasars at 1 < z < 1.5 at the percent
level. This reveals issues in star–galaxy and/or
star–quasar separations.
3. The WISE 12µm map from Meisner & Finkbeiner
(2014) is sensitive to PAH emission and has been
used to create a Galactic dust map based on this
tracer. Analyzing it, we detect the diffuse extra-
galactic PAH background up to z ∼ 2 and find
that the Galactic PAH-to-dust ratio is similar to
the cosmic mean.
4. We have found the HI-based reddening map from
Lenz et al. (2017) to be free of extragalactic con-
tamination, at least down to the 5 × 10−4 level.
Such a map provides an alternative to the more
standard IR-based dust maps but relies on an as-
sumed dust-to-gas ratio, whose spatial fluctuations
can lead to an error of about 3 mmag in EB−V .
When these maps are used for correcting the pho-
tometry of extragalactic objects for Milky Way extinc-
tion, redshift- and scale-dependent biases are introduced.
These artificial magnitude offsets then lead to biases
in galaxy number counts and spatial auto- and cross-
correlations at a level of about 10−3–10−2 on scales of
10′. These effects can then impact precision cosmology
experiments. They can affect both object-based analy-
ses and spatial statistics. These biases can be apprecia-
ble when estimating angular correlation functions with
low amplitudes such as lensing-induced correlations or
angular correlations for sources distributed over a broad
redshift range. For precision cosmology with Type Ia su-
pernovae, we expect a 0.5% impact on the determinations
of Ωm and w, which will be significant for upcoming sur-
veys like LSST and WFIRST targeting the one percent
precision range. For such experiments, we recommend
testing the robustness of the final results against the dif-
ferent dust maps used. Finally, we provide a procedure
to correct for or decrease the level of biased magnitude
corrections in maps with extragalactic imprints.
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APPENDIX
A.ERROR MAPS, OPTIMAL WEIGHTING, AND REFLATTENING
Here we describe the technical details of the excess-reddening estimator 〈δEB−V (θ, z)〉r defined in Equation 18 in
Section 2, where the reddening fluctuation field δEB−V (φ) is defined in Equation 17 with a zero point taken from
a one degree running mean. If the signal-to-noise ratio is roughly constant on the sky, a simple mean for the 〈...〉
operation is already optimal. In our case, however, the signal-to-noise ratio has a strong spatial gradient: while the
signal (extragalactic imprint) stays roughly constant on large scales, the Galactic foreground varies strongly across
the sky even at high latitudes. We therefore adopt an inverse variance-weighted mean for the 〈...〉 operation, and the
excess-reddening estimator becomes
〈δEB−V (θ, z)〉wgtr ≡
〈W (θ)δEB−V (θ, z)〉r
〈W (θ)〉r , (A1)
where W (φ) is the weight field derived from taking the squared inverse of an error map of the δEB−V (φ) field. We
take an empirical approach to estimate such an error map of one degree resolution. Within any 1◦ (or larger) patch
on the sky, we can evaluate the distribution function of the δEB−V (φ) values: the scatter in this distribution due to
extragalactic signal is expected to be roughly invariant in different patches on the sky, but the observed scatter can
vary strongly due to variations in the Milky Way foreground or photon noise due to nonuniform scanning patterns. We
thus calculate a 1◦ running 68th percentile scatter field of the δEB−V (φ) and take it as our error map and its squared
inverse as the weight map W (φ). We found that in our case, this weighting scheme improves the signal-to-noise ratio
of our 〈δEB−V (θ, z)〉r estimator by a factor of about two, which is essential for some of the weak features presented
in Section 4. To ensure a flat zero point on large scale using this weighting scheme, we also “reflatten” the δEB−V (φ)
field in Equation 4 by subtracting its 1◦ running weighted mean. This is a small correction but guarantees removal of
spurious cross-correlation results due to a drifting zero point.
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Fig. 12.— Top panel: excess ESFDB−V around each reference sample. Some differences are found at redshift intervals where multiple
reference samples are available. Middle panel: linear galaxy bias for each reference sample obtained via angular autocorrelation. Bottom
panel: bias-corrected excess ESFDB−V , in which all the measurements are consistent with being drawn from the same distribution. This
suggests that the extragalactic imprint can be considered as yet another tracer of matter density field, insensitive to which reference sample
is used to extract it.
B. REFERENCE SAMPLE CLUSTERING AND ITS MODULATION TO REFERENCE-REDDENING CORRELATIONS
The clustering properties of the reference sample can modulate the amplitudes of the reference–dust map correlation
presented in Section 4. To investigate this effect, we estimate the biases of the SDSS MAIN, LOWZ, and CMASS
samples by measuring their autocorrelation functions and comparing with that expected for dark matter in our assumed
cosmology using the CLASS code (Lesgourgues 2011). For SDSS quasars, we use an analytic function from Porciani
& Norberg (2006) fitted to the measurements in Porciani & Norberg (2006), Shen et al. (2007), and Eftekharzadeh et
al. (2015).
In Figure 12 we demonstrate that our extragalactic imprint estimation ∆EB−V (Equation 19) indeed scales linearly
with the clustering bias of the reference sample. The top, middle, and bottom panels of Figure 12 show the excess
reddening in SFD around each reference sample, the linear bias of each reference sample, and the bias-corrected excess
reddening, respectively. Before the bias correction, some differences in ∆EB−V are seen over the redshift intervals at
which we have multiple reference samples, while the linear bias normalization brings all the measurements to a unique
redshift dependence. At z ∼ 0.6–0.7, where we have both CMASS LRGs and quasars, if the excess reddening was
dominated by emission of the reference objects themselves, one would expect a lower signal around LRGs, since they
have little dust, ongoing star-formation, and thus far-IR fluxes. Instead, we find the opposite: the ∆EB−V measured
around LRGs is higher than that around quasars with a factor consistent with the bias ratio. The extragalactic
imprints we detect thus should thus be understood as the far-IR emission from galaxies in the large-scale structure
tracing the underlying matter density field (as opposed to the star-formation of the reference objects themselves). The
reference bias-corrected ∆EB−V over the entire redshift range for all the dust maps considered is provided in Figure 11
using the combined br (number weighted over all four reference samples) measured here.
C. EFFECT OF DUST CORRECTION IN THE REFERENCE SAMPLE
The density field of the dereddened SDSS reference sample could already be modulated by the extinction overcor-
rection bias (in SFD, the map used by the SDSS collaboration) according to Equation 15. Here we show that this
does not significantly affect our cross-correlation measurements of dust map extragalactic imprints at the amplitudes
currently measured in Section 4. Keeping the extinction-correction bias in the density contrast of reference objects,
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our reference-reddening excess correlation estimator (Equation 18) becomes
〈δˆr,dered · δEB−V 〉 = 〈δEEGB−V 〉r + α 〈δµSFD · δEB−V 〉
= 〈δEEGB−V 〉r + 0.92αRλ 〈δEEG,SFDB−V · δEEGB−V 〉 ,
(C1)
where the extra term is a cross-correlation between the extragalactic imprints in two dust maps, one used in dereddening
the reference sample (assuming SFD) and one currently being tested for extracting potential extragalactic imprints.
This term, although being still purely extragalactic, would complicate the interpretation of 〈δˆr,dered · δEB−V 〉 being a
simple galaxy–reddening correlation. We can set an upper limit of 〈δEEG,SFDB−V ·δEEGB−V 〉 by measuring 〈δESFDB−V ·δEB−V 〉,
i.e., the total power in the reddening–reddening correlation, which we find it to be of order 10−5 at zero lag (θ = 0).
This is much lower than the first term 〈δEEGB−V 〉r of order ∼ 10−3 and most of the error bars presented in Section 4.
In other words, the true 3D clustering of the reference galaxies (order of above unity at relevant scales) is much
stronger than the extinction overcorrection bias; thus, the dust map bias autocorrelation becomes negligible in this
galaxy-reddening correlation estimator.
